Gas flow in high frequency oscillatory ventilation (HFOV) was numerically investigated. This artificial respiration technique has features of low tidal volume and high frequency. Although molecular diffusion appears to be influential in gas transports at lower airways, the effect of flow convection never vanishes. The present paper is aimed to discuss the contribution of flow convection to gas transports in such lower airways and obtain physical understandings of old air evacuation in the lower airways. For calculating flow in the lower region airway, boundary conditions based on compliance and resistance of airways were introduced. The obtained air flows appeared to be laminar and reversible. However, particle trackings revealed that the pathlines deviated slightly from one respiratory cycle to another, envisaging irreversible trajectories. The Lagrangian analysis also manifested the longitudinal gas redistribution characterized by the incoming central flow and the outgoing near-wall flow. Those effects would be accumulated through repetitive respiration, and result in the effective gas mixing in HFOV.
Introduction
Gas flow mechanism in high frequency oscillatory ventilation (HFOV) is different from that in the normal breathing. This artificial respiration technique has the features of low tidal volume and high frequency. Pulmonary patients suffering from acute respiratory distress syndrome (ARDS) or acute lung injury (ALI) seriously face an insufficient gas exchange between O 2 and CO 2 . Over the past 40 years, HFOV has been developed to assist such patient respiration. Now, it becomes a strong clinical tool to support the respiratory patients and enhance their gas exchange. Since detail of the gas exchange mechanism has not been cleared yet, driving conditions of HFOV were determined by trials and errors through animal and clinical experiments. Overview of HFOV was reported by Chang (1) , Pillow (2) , Fessler and Hess (3) and Duval et al. (4) . Air flow in lungs is featured by bulk convection, asymmetric velocity profile, irreversible velocity profile between the inspiration and expiration, pendelluft between the bronchi, cardiogenic mixing, and molecular diffusion. According to the Weibel's model (5) , the hierarchy of airways consists of 23 generations. While a gas mixing occurring from trachea to 6 or 7 generations has gained many attentions of scientists who are involved in the study of turbulence, a flow in lower airways where an actual gas exchange takes place has been left behind. For a given set of geometrical, mechanical and physical properties of the lung, it is considered that both convection and diffusion appear to play an important role in gas mixing in the lower airways. Additionally, it is speculated that flow convection and molecular diffusion interact with each other, thereby bringing about synergistic effects.
A lumped parameter model has been employed to examine the major physical parameters such as tidal volume and frequency on airflows in the lung. Using this model, Otis et al. (6) showed that the breathing frequency is an important factor to characterize the pendelluft flow when time-constants of bifurcated pathways are incongruent, which are determined by the product of resistance and compliance. The pulmonary resistance that occupies 10 to 30% of total resistance is too insensitive to detect obstructions in the peripheral airway. Thus, the resistance is usually estimated from the wall friction in laminar and turbulent tubes. On the other hand, the compliance is estimated by measurements. The dependency of dynamic compliance on the frequency was reported by Woolcock et al. (7) who compared the dynamic compliance with static compliance. They pointed out that the abnormality in ventilation was observed when the dynamic compliance was significantly less than the static value. An RLC model including inertia effects in HFOV was discussed by Ultman et al. (8) and High et al. (9) . They studied the pendelluft flow for tidal volumes of 5 to 15 mL and respiratory frequency of 6 to 26 Hz, and concluded that the asymmetry in compliance and inertance produced greater pendelluft than the asymmetry in resistance.
A nonlinear lumped-parameter model for asymmetric bronchial bifurcations was studied by Elad et al. (10) . They showed that the asymmetric compliance of peripheral airways might affect a flow distribution in daughter tubes, thereby leading to larger pendelluft. Polak and Lutchen (11) reported a computational model to predict maximal expiration through a morphometry-based asymmetrical bronchial tree with Horsfield-like geometry of the airway structure. They gained several insights into the flow limitation and found that increased inhomogeneity of a lung structure yielded what could not be either explained or re-created with the symmetrical structure. Ben-Tal (12) presented a hierarchy of models with increasing complexity for gas exchange in the human lungs. A review of several mathematical models in this report manifested priority of a simple model as it showed a good agreement with experimental results. Geometric configurations of bronchial channel, i.e. curved or straight tube, rigid or flexible tube, cylindrical or rectangular model, and symmetric or asymmetric model are important factors to consider in flow. The effective diffusion is greater in curved and bifurcated tubes than in straight tubes for secondary flow during HFOV conditions (13, 14) .
The respiratory flows along realistic and idealized model channels were investigated. The secondary flow was intensive in realistic geometry than in the idealized geometry (15) . Theunissen and Riethmuller (16) experimentally studied the three dimensional flow character and particle trajectories from high Reynolds number (Re~1000) to low Reynolds number (Re~0.1) and presented the irreversibility of the flow. Liu et al. (17) reported that the flow structure was influenced not by lateral branches but by daughter branches. Many CFD simulations (laminar, LES, k-ε model) have been conducted to investigate flow mechanisms in a human lung. Yang et al. (18) simulated the pulmonary flow along obstructive airways that mimics chronic obstructive pulmonary disease (COPD). They concluded that the obstructive airway has significant effects on the air flow by causing flow separation in bifurcation. A hybrid CFD model with 1-D line-like model for small airway was developed to estimate the lung input impedance in upper airways by Ma and Lutchen (19) .
They discussed the relation between the lung's impedance, flow rate and frequency. However the obtained flow division ratio was unacceptably inaccurate. Inagaki et al. (20) also investigated the oscillatory flow in realistic model human airways and concluded that the expiration flow strongly depended on the airway geometry. Nagels and Cater (21) investigated the suitability of using LES within trachea and bronchi and showed the occurrence of pendelluft by transient oscillatory flow separation in high Reynolds number, Re=8132. Choi et al. (22) studied the counter-flow phenomena numerically with CT-based human airway model. They concluded that counter flow accounted for about 20% of gas mixing in HFOV. Particle deposition depends on the airway geometry even if flow conditions are the same. The CFD simulation based on the Weibel model and CT scan of a cadaver lung cast model shows the drastic differences in particle trapping between the two models (23) . The dissimilarity in particle trajectories was reported from experiments and CFD simulations for different wall and impaction conditions. Gemi et al. (24) and Evegren et al. (25) investigated the effects of geometrical asymmetries on the downstream flow and the mass transport in asymmetric geometry. They reported that this asymmetry did not have significant effects on velocity distribution. It was also found that over a cycle the mass flow distribution at outlets could be affected by the inlet velocity conditions. The validation of CFD predictions in comparison with experimental data was presented by Ertbruggen et al. (26) and Ma et al. (27) for flow in alveolated bend during normal breathing. The velocity obtained numerically with STAR-CCM+ (CD-Adapco) was compared with the experimental values, and showed a good agreement within 1% in the central duct and in the alveolar cavities within 15% (26) . On the basis of these data, they suggested that CFD techniques were promising to predict acinar-type flow.
As described above, clinical studies demonstrated better outcomes of HOFV than other artificial techniques that are carried out at the same frequency as normal breathing. Although the gas-mixing in HFOV is considered to take place predominantly in lower airways than upper airways upon taking account of the low tidal volume and highly-frequent oscillation, the papers on gas-mixing, which have been published so far, focused mainly on air flow in the upper airways. They demonstrated that the turbulence is induced by the asymmetry of the airway's configuration as well as the flow dividing in inspiration and merging in expiration. In contrast, flow in the lower airways later than 17th generation has remained unclear. In particular, redistribution of the incoming fresh air and old gas for the case of HFOV is poorly understood. A lack in the knowledge of gas-exchange mechanisms in the lower airways resulted in a situation where developments and improvements of HFOV are dependent upon trials and errors or intuitions of engineers. Thus, the present study is designed to gain fluid mechanical insights into the mechanisms of gas exchanges when HFOV is applied to a patient. On the basis of our experimental studies using particle image velocimetry (PIV) (28, 29) , we hypothesize that an oscillatory laminar flow induces an effective and active gas mixing mechanism in the lower airways. The primary aim of this study is to understand the contribution of flow convection by high frequency oscillation to a gas redistribution in the lower airways. We also discuss longitudinal gas redistribution induced by HFOV-driven flow.
Physiology of airway and flow regime

Configuration of the channel
An idealized airway configuration was presented by Weibel (5) as shown in Fig.1 . He regarded the airway such that it had a symmetrically dichotomous branching structure from trachea to alveoli. The capillary network in the deep region is wrapped around by bubble-shaped terminal segments. The airway is categorized into 0th to 23rd generations depending on how many times the airway bifurcates to reach the airway of an interest. An inhaled gas is transported from trachea, G0 (0th generation), to the terminal bronchioles, G16 without any gas exchange. Gas exchange takes place in the respiratory zone from G17 to G23 consisting of respiratory bronchioles, alveolar ducts and alveolar sacs. In this region, the unit called acinus consisting of six to nine chambers are connected to airways. An asymmetric configuration model was proposed by Horsfield (30) . He used the term of 'order' instead of 'generation'. The order starts at the end of the airways and the order number increases towards the upper airways. By using the order concept, the asymmetric configuration and features were represented topologically or anatomically.
Turbulent flow due to the asymmetry of the airway has been discussed as a factor of gas mixing in the upper airways. The turbulence is caused by the separation at the bifurcation, secondary flow near the corner or bend, Taylor dispersion, and Taylor-Goertlar type vortices. Such turbulence resulted in radial direction's mixing and an increase in the mixing coefficient. On the other hand, in the lower airways, molecular diffusion plays an important role in mixing within the peripheral small chambers. In this region, the Reynolds number is of the order of unity, and the flow becomes laminar. As described in the following section, other two important non-dimensional parameters, i.e. Wo and Pe, should be considered in this region.
In order to accomplish a quick gas exchange in lower airways upon HFOV driving, we hypothesize that an effective active gas mixing mechanism would be induced in the lower airways by an oscillatory laminar flow. The hypothesis was examined by investigating flow in the model of the lower airways later than G17 which was designed on the basis of the Weibel's model (5) . The configuration of the model is shown in Fig.2 . The channel consists of two successive dichotomous bifurcations. 
Non-dimensional parameters
In the lower respiratory region, the air flow is laminar and molecular diffusion has the same order of convection. The parameters of an oscillatory flow are cross sectional mean velocity, U, diameter of the channel, D, and frequency of HFOV, f . For these condition, the flow characteristics are represented with the following non-dimensional parameters, i.e., Reynolds number:
Womersley number:
Peclet number:
where / δ ν ω = , ν and ω (=2πf) are kinematic viscosity and angular frequency of oscillatory flow, respectively. α and Sc are molecular diffusivity and Schmidt number. Wo represents the ratio of channel radius to Stokes layer thickness, and Pe is the ratio of convective speed to molecular diffusion speed. Figure 3 plots the typical values of Re, Wo, and Pe against airway branching generations of a human adult lung under the HFOV conditions when a tidal volume, TV is 50, 100, and 150mL under the oscillatory frequency f =10Hz. Here, the value of tidal volume was quoted from Fesseler et al. (3) and Choi (22) . As shown in this figure, the flow approaches to being laminar as it descends to the lower airways (or higher generations). In the whole airways, Wo is less than 10 indicating that the flow in center and near the wall oscillate synchronously. Furthermore, since Pe is of the order of unity, the molecular diffusion is dominant in the channel. In such condition, an effective gas exchange takes place with a small tidal volume operation in HFOV. For example, when TV=50 mL, a traveling distance of the flow over one cycle of oscillation is limited to the length of an airway of one generation. Thus, if the flow moves in a reversible motion, gas exchange is dominated only by molecular diffusions, which means that the gas exchange speed might be determined by the diffusivity of the gas. However, taking into account that the HFOV operation is effective for the prompt gas exchange and has an optimum frequency, we speculate the presence of another mechanism in addition to molecular diffusion to account for gas exchange and evacuation in the HFOV. 
Compliance and resistance
Compliance and resistance are important physical parameters to consider the respiratory condition. The estimation of resistance is much easier than that of compliance. The resistance can be calculated theoretically when the flow is either laminar or turbulent. On the other hand, the measurement of compliance is challenging because there exist unknown problems about the physical aspect. The definition of compliance is based on the mathematical model that was developed with the lumped parameter method. The lumped parameter method is analogous to an electric circuit. From 1950's, the compliance was measured in intubated animals and in human under sedation breathing through a face mask, or more directly in animals by using invasive methods (see Epstein et al. (31) ). The compliance is determined as a rate of a volume change to a pressure change. The compliance is classified into static compliance and dynamics compliance. The static compliance is measured simply by using recordings of airway pressure and respiratory volumes. However, the measurement of dynamic compliance is not so straightforward because the dynamic compliance is influenced by various components such as resistance, inertance, and frequency of respiration. Woolcock et al. (7) and Wanner et al. (32) investigated the dynamic compliance of the lung and revealed the dependence of the compliance on the HFOV frequency. The compliance C is expressed as
where V is the volume and p is the pressure. ( ) C p depends on the elastic compliance of the materials. Practically, the compliance is estimated from p -V curves. The hysteresis of compliance was discussed in the recent paper (12) . In the present study, we use the static compliance without hysteresis effect to discuss the effects of asymmetric compliance on the flow distribution.
The pressure drop by molecular viscosity at i-th generation is expressed (10) by
where L R , q and Q are laminar resistance, volume flow rate in bronchi of a given generation, and total flow rate, respectively. The reduced resistance, R′ ( /2 ) i R = expresses the resistance at a given generation for the total flow rate. The variation of R and R′ for all generations, calculated with Weibel's model data, is plotted in Fig. 4 . As seen in this figure, R increases with the number of generation due to a decrease in the diameter of bronchi. The large value of R is related to an increase in the time constant of RC τ =
. If we neglect the wall compliance and inertance and the resistance at lower generation has almost same value, the time constant at i-th generation, i τ is expressed as
where R i is the resistance of an airway of the i-th generation, and C i is the total compliance at the i-th generation. C 0 is the total compliance of all airways in a lung i.e. that at trachea (the first airway in the lung). If we assume that an airway always bifurcates into two identical airways having the same resistance as the parent airway in the lower region, the total resistance of airways peripheral to an airway of the i-th generation is described as
where the summation of resistance is taken up to the 23rd generation that is an anatomically known maximum number of generation. Note that this is acceptable for peripheral airways (later than 18 generations) since the length and diameter do not vary drastically in those generations. In the same fashion, an airway is assumed to bifurcate into two airways having the same compliance (but not necessarily the same as the parent airway), we obtain the recurrent formula of C i = 2 -1 C i-1 , which consequently gives the relationship of
, the time constant depends on the compliance, i C .
Therefore i τ decreases for later generations. Since the time constant relates with the phase delay of pendelluft, the effect of the pendelluft decreases in the lower generation. In order to enhance the pendelluft effect, we have to increase the frequency of HFOV. On the other hand, R′ decreases exponentially with the number of generation because the flow rate decreases by -n-th power of 2, which states a decrease in pressure loss for peripheral bronchi.
CFD scheme
Computational model
The symmetrically bifurcating circular tubes were used for the numerical analysis of the flow. The dimensions of the model are determined in reference to Weibel's model. The model configuration is presented in Fig.5 . The model consists of airways of three generations. The first main trunk is the airway at generation 18 (G18), and subsequently bifurcating airways belong to generation 19 (G19). The terminal four airways are the ones at generation 20 (G20). Each outlet of the airway of G20 is connected to a cylindrical buffer chamber having a diameter twice larger than that of G18 to settle down the flow. A Cartesian coordinate system (x, y, z) was instituted at the apex of the first bifurcation with laying the z-axis along the center line of the airway G18. Note that the model is symmetrical about the x-z plane and the y-z plane, whereby the bifurcation is plane-symmetric.
The model was divided into meshes; polyhedral meshes with typical mesh size of 25µm were used in the main region, while prism layers were allocated near boundaries. Here, 10 layers were stacked to resolve boundary layers near the wall. The total number of cells is approximately 500,000. Air was assumed to be an incompressible fluid and its properties was determined at the room temperature. The density and viscosity are ρ=1.16kg/m 3 and µ=1.83*10 -5 Pa·sec, respectively. 
Governing equation and numerical algorithm
Governing equations, i.e. the continuum and Navier-Stokes equations are represented by
where u is velocity and p is pressure. In order to solve these equations, we used a commercial solver, STAR-CCM+ which adopted a finite volume method. The convection terms are discretized with second order upwind scheme. The second-order temporal scheme was used to discretize the unsteady term. No turbulence model was employed in the calculation, because the Reynolds number was of the order of 1. In fact, the flow calculation with LES was tested preliminary. However, the order of the obtained turbulent viscosity was 10 -2 smaller than that of the molecular viscosity. Thus, the calculation was carried out without turbulent model.
Boundary condition
The present flow is governed by the forced oscillatory flow at the inlet, G18. Subsequently, the airflow in each channel is determined by inlet and outlet conditions. The outlet condition is actually created by the compliance and resistance which stem from the mechanical properties of lower channel, alveoli and lung parenchyma. The outlet boundary condition at G20 should be determined properly as a function of time and based on anatomical conditions.
In most papers, a flow rate is assigned to the inlet channel and a pressure boundary condition is considered for the outlet condition. For instance, Fujioka et al. (14) used a sinusoidal flow rate condition for the inlet and pressure zero condition for the outlets of daughter tubes. Kurujareon et al. (33) discussed the inlet boundary condition. Calay et al. (34) calculated a respiratory flow pattern within the human lung with the tidal volume variations by measuring them with spirometer. Their model was based on the morphological data by Horsfield et al. (35) . Ma and Lutchen (19) carried out 1-D and 3-D hybrid computation where the 3-D flow simulation in upper and central airways was coupled with 1-D transmission line-like model for the small airways. They used a constant phase viscoelastic model which was built as the model of the alveolar tissue unit. In their report, the impedance of small airways calculated from a one-dimensional transmission line model. According to Hantos et al. (36) , the impedance of alveoli tissue was given by ( )
where G and H are coefficients for tissue damping and elastance, respectively. From the impedance, the pressure is obtained by
( 1 2 ) They compared three outlet boundary conditions, namely, the impedance, the constant pressure, and the constant flow ratio. Ma and Lutchen (19) used the impedance boundary condition for the periodic flow calculation and concluded that this boundary condition provided the means of simulating structure function relations in the lung more realistically and accurately. Tadjfar (37) simulated a flow in arterial blanch model. They used the different pressure conditions at the outlet boundary. Lin et al. (38) used the flow rate condition at the inlet and spatially uniform velocities at each outlet to simulate turbulent laryngeal jet for analyzing its effect on the flow in intra-thoracic airways. van Ertbruggen et al. (26) carried out an experiment with a 50 times scale-upped alveolar model and a simulation with STAR-CCM+. Their results show a fair agreement within 15 % between the experiment and the simulation. Nagels and Cater (21) discussed the pendelluft effect in the upper three generations in the lung. In their report, the LES model, in which transient inlet condition and zero pressure outlet condition were assigned, was validated. The pendelluft was simulated due to the geometrical asymmetry.
In the present paper, we used a more direct expression of compliance and resistance for the outlet boundary conditions to provide more general pressure condition than Eqs. (10)- (12) . The pressure boundary condition at the outlet of i-th generation is expressed as a sum of pressure loss due to viscous frictions and compliance of airways peripheral to an airway of the i-th generation. Mathematically, it is given by 
where the first term represents the total pressure loss from (i+1)-th to 23rd bronchi. The second term is the pressure variance due to compliance. This pressure was assumed to be spatially uniform over a cross-section and applied as boundary conditions to the outlets of airways of the 20th generation, namely, G20LL, G20LR, G20RL, G20RR, in Fig. 5 . In the present simulation, wall compliance of the channel due to elasticity was ignored. The flow conditions and properties that were used in the simulation are summarized in Table 1 .
A velocity boundary condition was assigned to the inlet. The inlet flow is assumed to be a fully developed laminar flow. A parabolic profile of velocity perpendicular to the inlet face expressed by
is imposed. Here, 0 w =0.05m/s is the spatiotemporally maximum velocity, and r 0 of 0.25 mm is a radius of G18. Under the present condition, a total tidal volume at G0 is 41mL.
Results and Discussion
Velocity distribution and stream lines
The flow of the present model is fundamentally laminar, and thus there is no strong turbulent region in the whole field. Fig.7 shows vector maps of the flow obtained with homogeneous compliance, [1:1:1:1] at four different instants in phase, / /4 = t T n , ( 0,1, 2, 3 n = ) from inspiration to expiration. Here, T is the period of HFOV and 0,1, 2, 3 n = correspond to the maximum inspiration, a turning point from inspiration to expiration, the maximum expiration, and a turning point from expiration to inspiration. As seen in Fig.7 (a) , the flow was distributed in each branch equally at the maximum inspiration. The typical reverse flow at the maximum expiration is presented in Fig.7 (c) . Fig.7(a) and (c) show the symmetric profiles of the flow and almost reversible in inspiration and expiration. In contrast to these maximum velocity phase, Fig.7 (b) and (d) show the zero velocity phase between the inspiration and expiration. Because the velocity is quite small, the length of vectors is magnified as 100 times large as that in Fig.7 (a) and (c) . As shown in these figures, several vortical patterns were found at the corner. These vortical structures were observed only at the zero velocity phase of a turning point between inspiration and expiration, and immediately faded out. Fig.8 shows the streamlines for the compliance ratio, [1:1:1:1]. Here, the color contour indicates the velocity magnitude. It would be clear from Fig.8 (a) and 8 (c) that their streamlines were well congruent, meaning that the flow in this case is almost reversible. In Fig. 8(b) and (d) , vortical structures were recognized at the corner of the branches. Since the flow changed its direction from inspiration to expiration or vice versa, the flow was unstable and moved due to the inertia of fluid. Such inertia would cause the Lagarangian displacement of the fluid particles and result in the gas exchange phenomena. The effect of this mechanism will be discussed in a later section. Fig.7 Velocity vector maps for compliance ratio, [1: Fig.8 Streamlines for compliance ratio, [1: Fig.9 Velocity vector maps for compliance ratio, [4: Fig.9 and 10 . In this asymmetric case, the flow rate in G19L is higher than that in G19R. At the zero velocity phase in Fig.10 (b) and (d) , a pendelluft was observed as shown with thick arrows, which was observed in a short period of time.
The velocity profiles near the first bifurcation are shown in Fig.11 . The velocity profile was monitored at section A-A' in Fig.11(a) . Figure 11(b) shows the z-velocity component, w for the compliance ratio of [1:1:1:1]. As seen, the flow was equally divided into daughter branch, G19L and G19R throughout a respiratory cycle. The velocity profiles obtained at the same flow rate (e.g., 3/8 T and 5/8 T) were almost identical. The velocity profile obtained in the expiration phase is a sort of the mirror image of that in the inspiration phase. The velocity profile in the asymmetric compliance, [4:4:1:1] is presented in Figure 11 (c). The main flow was divided into daughter branches according to the compliance ratio. Again, a good match of the velocity profile was observed for those obtained at the same flow rate. However, a tiny deviation in the velocity profile was recognized for that at 2/8 T and 6/8 T. This deviation is associated with the occurrence of pendellfut flows shown in Fig.10 (b) and (d). 
Phase shift in asymmetric compliance
The time constant of flow response becomes smaller in the respiratory and transitional region than the upper region as mentioned in section 2.3. Therefore a phase difference in pressure between branches is expected to be extremely small. Figure 12 presents a pressure history in the airways at G18 and G20 when the compliance ratio is [4:4:1:1]. Here, the pressure was normalized with the maximum pressure at the inlet of G18, where max p =19.5
Pa for TV=41mL. Note that Fig.12 (b) is a magnified view of Fig.12 (a) to see a difference in the pressure at t/T = 0.5. As shown in this figure, the pressure phase in G20 was slightly delayed from the parent airway G18. Moreover, there is a difference in the phase delay between the left and right airways at generation 20; the phase delay in a larger compliance side, G20LL and G20LR, was longer than that in a smaller side, G20RL and G20RR. The phase delay is of the order of 1% of respiratory cycle length T. Fig.13 shows theoretically calculated values of the pressure by LCR analogy, i.e. lumped parameter analysis. The LCR network was solved numerically with a finite difference method. Here, the direct current component was omitted in the LCR calculation such that the time mean pressure was zero. Although the results obtained with the LCR analogy qualitatively agree with the CFD results presented in Fig. 12 , the magnitude of phase delay is much smaller (~ 0.3% of the respiratory cycle length). The overwhelmed phase delay in CFD might be attributed to flow disturbances such as vortices which were neglected in the LCR analogy. 
Lagrangian analysis of gas redistribution
HFOV is operated under the condition of a small TV and a high frequency. In the present calculation, we used 41mL for TV. Under this condition, a fluid particle does not travel over two generations in one respiratory cycle. While old gas is effectively replaced with fresh one, a fluid just oscillates back and forth within a short distance. As presented in Fig.3 , because Pe in the lower airways is small, molecular diffusion is one of the dominant mechanisms to account for gas exchange of O 2 and CO 2 . However, the gas exchange between old and fresh gases cannot be explained solely with molecular diffusion, because efficiency of HFOV varies depending on the operating frequency. Therefore, a flow mechanism for the effective longitudinal gas redistribution should be taken into account for explaining how to evacuate the old air from the airways in HFOV operation. For this purpose, we demonstrated the Lagrangian analysis using massless particles. Figure 14 shows pathlines of twenty particles in four cycles for symmetric compliance, [1:1:1:1]. The particles were initially placed on the line B-B', C-C', and D-D' in Fig.11(a) . The color of a line indicates the lapse time from the onset of trace. The trajectory seems to be reversible, but slightly deviate towards the central axis of an airway. The deviation is remarkable near the apex of bifurcation. Figure 15 shows the path lines for compliance ratio, [4:4:1:1]. The overall tendency of pathlines in Fig.15 is the same as the one in Fig. 14 where the compliance ratio [1:1:1:1] is equal to all outlets. Although it might be blur in Fig. 15 , pathlines deviated slightly to the center period by period, envisaging irreversible trajectories except the particles released from D-D' which followed almost the same pathlines between inspiration and expiration. One may wonder if such transverse deviations of pathlines result from numerical errors. However, our previous study where flow in an in vitro model of a respiratory channel was measured with PIV exhibited qualitatively a similar pattern of pathlines (29) . Thus, the transverse deviations of pathlines actually occur as a result of inertial and convective effects of the flow. One may also wonder if the transverse deviation is effective in gas mixing because the transverse deviation is quite small compared to longitudinal displacement of particle. Nevertheless, HFOV is normally operated at a frequency as many as 20 Hz. This means that even if the transverse deviation is not apparently large, the effect is quickly accumulated through many times of repetition, and result in the gas mixing in HFOV operation.
In order to discuss the effect of gas mixing due to convection, the concept of stretching ratio was introduced by Mackley and Saraiva (41) , Robert and Mackley (42) , Ottino (43) , and Choi et al. (22) . It will be approved that the analysis of stretching ratio is successful for the turbulent flow and gives us fruitful information. Since the flow in the present case is almost laminar as shown in Fig.15 , we discuss the gas redistribution along the pathlines. The marker lines after four cycles were compared for different compliance ratios in Fig.16 . In other words, the terminal points of particles after 4 respiratory cycles were connected to provide a longitudinal distribution of the flow. Here, a dashed red line presents the initial position of particles. As observed in Fig.16(a) , a flow redistribution in the longitudinal direction took place. Although all particles started off at the same z-level, particles in the central region were positioned in the downstream of the initial position whereas those near the wall were located in the upstream side. Thus, the near-wall flow was evacuated by the oscillatory flow of HFOV. A change in the compliance ratio induced a shift of particles that flowed most downstream towards the side of a low compliance channel. In [8:8:1:1], the outgoing flow increased in the right. Similar behavior of redistribution was recognized in Fig. 16(b) G19L (section C-C') and Fig. 16 (c) G19R (section D-D' ). The effect of the asymmetry of compliance on the longitudinal redistribution is remarkable in section C-C'.
These results suggest that the asymmetry of compliance at the outlets of airways gives rise to enhancement of gas mixing in the lower airways.
Conclusion
A HFOV driven flow in the lower airways of a human lung was simulated. The convection effect was discussed in a geometrically symmetric dichotomous respiratory channel from G18 to G20. The conclusions were summarized as follows. 1) A compliance-resistance coupled boundary condition was introduced directly into the simulation. The simulations for various compliance ratios were carried out. The simulated flow shows the reasonable results to provoke compliance of peripheral airways.
2) The flows were almost laminar in the whole field and seemed to be reversible according to the vector maps at the maximum velocity phase. At turning points between inspiration and expiration, flow became unstable due to the inertia of fluid, causing pendellfut flows.
3) Under the asymmetric compliance, the pressure shows a phase delay of order of 1% in period. The phase delay obtained with CFD was slightly larger than that in the lumped parameter analysis. 4) The Lagrangian pathline analysis was carried out to discuss the gas redistribution. The pathlines deviated slightly from one respiratory cycle to another, in particular during a zero-velocity phase, envisaging irreversible trajectories. This effect will be accumulated through repetitive respiration, and result in the gas mixing in HFOV operation. Those results suggest that if we design a driving waveform of HFOV such that it has a longer zero-velocity phase, more efficient gas mixing would be attained in HFOV. 5) A longitudinal gas distribution was demonstrated by showing the terminal positions of markers. The gas redistribution was characterized by the incoming center flow and the outgoing near-wall flow. The results suggest that the asymmetry of compliance at the outlets of airways gives rise to gas redistribution, thereby enhancing gas mixing in the lower airways.
